WHAT'S KNOWN ON THIS SUBJECT: Certain characteristics of the sleep environment increase the risk for sleep-related, sudden, and unexplained infant death. These characteristics have the potential to generate asphyxia. The relationship between the deaths occurring in these environments and neurochemical abnormalities in the brainstem that may impair protective responses to asphyxia is unknown.
RESULTS:
Medullary neurochemical abnormalities were present in both infants dying suddenly in circumstances consistent with asphyxia and infants dying suddenly without obvious asphyxia-generating circumstances. There were no differences in the mean neurochemical measures between these 2 groups, although mean measures were both significantly lower (P , .05) than those of controls dying of known causes.
CONCLUSIONS:
We found no direct relationship between the presence of potentially asphyxia conditions in the sleep environment and brainstem abnormalities in infants dying suddenly and unexpectedly. Brainstem abnormalities were associated with both asphyxia-generating and non-asphyxia generating conditions. Heeding safe sleep messages is essential for all infants, especially given our current inability to detect underlying vulnerabilities. Dr Randall helped conceptualize and design the study and participated in data accrual and analysis; Dr Paterson helped conceptualize and design the study and participated in data accrual and analysis of the serotonin parameters; Ms Haas participated in data accrual and analysis of the epidemiological factors of the cohort; Dr Broadbelt participated in data accrual and analysis of the GABA and 14-3-3 parameters; Dr Duncan participated in data accrual and analysis of serotonin parameters; Dr Mena participated in data accrual and analysis of autopsies and death scene investigations in the medical examiner' s office; Dr Krous participated in phenotyping of the cases of sudden and unexpected death and in analyzing the data; Dr Trachtenberg participated in study design and performed all the statistical analyses; Dr Kinney helped conceptualize and design the study, participated in data accrual and analysis, and drafted the manuscript; and all authors approved the final manuscript as submitted.
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Accepted for publication Sep 13, 2013 Address correspondence to Hannah C. Kinney Sudden and unexplained death remains a leading cause of infant mortality. [1] [2] [3] [4] [5] [6] [7] The term sudden infant death syndrome (SIDS) is currently defined as the sudden unexpected death of an infant ,1 year of age, with onset of the fatal episode apparently occurring during sleep, that remains unexplained after a thorough investigation, including a complete autopsy and review of the circumstances of death. 7 Unsafe sleep environments at the time of death are known to increase the risk for sudden infant death, including SIDS, $threefold. 3, 4, 6, [8] [9] [10] In a study of 209 sudden unexpected infant deaths with in-depth death scene investigations, the medical examiners identified asphyxia as either the cause or potential cause of death in the majority (86%) of cases. 6 However, only 27 of the 209 cases had reports of witnessed overlaying, wedging, or strangulation. Improved death scene investigations and the increased attribution of potential asphyxia-generating conditions to hazardous sleep environments have led to a change in death certification from SIDS to terms such as suffocation, positional asphyxia, and undetermined, suggesting that the decline in SIDS rates reflects, at least in part, a diagnostic shift. 3, 11, 12 The association of unsafe sleep environmentswith SIDS raises the possibility that normal infants die of asphyxia and that eliminating these dangerous sleeping conditionswill in turn eradicate all SIDS deaths. Yet there is mounting evidence that at least some infants who die of SIDS are not "normal" before death but rather have underlying vulnerabilities, 5, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] including genetic susceptibilities, 27 that put them at risk.
The triple-risk model for SIDS posits that SIDS occurs when 3 factors simultaneously impinge on the infant: underlying vulnerability, critical developmental period, and exogenous stressors. 28 These stressors include prone or side sleep position, found face-down, head covering, sleeping on an adult mattress or couch, soft or excessive bedding, bed-sharing, and mild upper respiratory infection. 5, 20, 39 We believe that these exogenous, environmental factors share the capability to generate potentially lethal asphyxia, hypoxia, and hypercapnia (ie, homeostatic stressors), which in turn require intact brainstem defense systems to protect against death. 5, 29 Nonasphyxial homeostatic stressors include temperature imbalances and cardiovascular challenges. 5, 29 We hypothesize that at least a subset of SIDS is caused by an underlying brainstem abnormality in neural networks that mediate protective responses to asphyxia, resulting in sleep-related sudden death. [30] [31] [32] [33] [34] [35] In support of this hypothesis, we have reported deficiencies in infants who died of SIDS in interrelated neurochemical parameters in the medullary serotonergic network that plays a key role in protective respiratory or autonomic responses to homeostatic stressors. [30] [31] [32] [33] [34] [35] The parameters are related mainly to the neurotransmitters serotonin and g-aminobutyric acid (GABA) and the signal transduction family 14-3-3, involved in serotonin regulation. [30] [31] [32] [33] [34] [35] Given a reduction in the overall SIDS rate associated with an increased rate of supine sleep, 5, [8] [9] [10] it is highly likely that prone sleep position plays a direct role in the chain of events leading to sudden death in some infants. The hypothesized mechanisms include ineffective protective responses to airway obstruction or rebreathing of expired gases in the face-down position (compounded by soft bedding) 5, 20 and thermal or cardiovascular stress. 5, 29 The overarching premise of this study is that infants may be exposed to degrees of asphyxia in sleep environments, such that vulnerable infants with a severe brainstem deficiency succumb even without potential asphyxia (eg, in the supine sleep position), whereas infants with intermediate brainstem deficiencies require asphyxial stressors to precipitate death (Fig 1) . These borderline infants are presumably able to compensate in basal conditions but cannot mount a brainstem response to a sleep-related, asphyxial stress. In this study, we tested the hypothesis that sudden unexplained infant death,
FIGURE 1
Diagram of the potential interrelationships of sudden infant death, brainstem pathology, and asphyxia. Vulnerable infants with a severe underlying brainstem deficiency succumb even without asphyxia (Group A), whereas infants with intermediate deficiencies require asphyxial stressors to precipitate death (Group B). All infants die when the asphyxia is severe. (Fig 1) . According to our premise, even normal infants die of asphyxia if it is severe enough (eg, accidental head wedging), and their neurochemical parameters are likely to be in normative range. In this study, however, we did not have a sufficient sample size of infants dying of unequivocal asphyxia to examine directly this possibility.
METHODS

Patients
We studied a total of 71 cases of sudden and unexpected death that were autopsied at the San Diego County Medical Examiner' s Office from 1997 to 2008, with 2 nonoverlapping data sets in which serotonin, GABA A receptor, or 14-3-3 measures were available. [30] [31] [32] [33] [34] [35] The brainstem samples were analyzed at Boston Children' s Hospital, resulting in publications in 2006 31 and 2010, 30 each concerned with a separate data set. In these publications, SIDS was defined as stated earlier; control infants also died suddenly, but a complete autopsy or death scene investigation demonstrated a pathologic explanation for the death. [30] [31] [32] [33] [34] [35] Undetermined cases were equivocal cases in which a specific diagnosis could not be made, and they were not included in the published analyses. In the current study, however, we reclassified all unexplained cases, including the undetermined or equivocal cases, according to an asphyxial grading schema developed by us 36, 37 (Tables 1-3 ). Although there are no established criteria for what constitutes definitive asphyxia in a sudden unexpected infant death, we devised a subjective scale of possible to probable asphyxia ranging from none (an infant sleeping supine on a hard surface without the face covered) to definitive (an infant found dead with a plastic bag over the head).
Without an explicit asphyxial definition based on quantitative measurements of blood oxygen and carbon dioxide levels in the infant, we assigned each unexplained case to a group based on the potential for asphyxia (Table 1) . For this study, the causes of death were assigned a group (Group A-F) according to a published asphyxia-related scheme 37 after review of the reports of the death scene investigation and autopsy records by an experienced medical examiner (B.B.R.), who was blinded to the neurochemical data ( 
Risk Factors
In the triple-risk model, we subdivided risk factors into intrinsic and extrinsic, as in previous studies. 5, 30, 31, 34, 35, 38 An intrinsic risk is defined as a genetic, environmental, or developmental factor that affects the underlying vulnerability, including male gender, African American ethnicity, prenatal exposure to maternal smoking, and prematurity (,37 gestational weeks at birth). An extrinsic risk factor is considered an exogenous stressor, as defined earlier.
We assessed 3 intrinsic and 6 extrinsic risk factors (Table 4) .
Neurochemical Analysis in the Medullary Serotonin System
In the 2006 data set, the medullae were analyzed for serotonin 1A receptor binding with tissue receptor autoradiography 31 ; in the 2010 data set, medullae were analyzed for serotonin 1A and GABA A receptor binding with tissue receptor autoradiography 30, 35 ; levels of tryptophan hydroxylase 2 (TPH2), the key biosynthetic enzyme of serotonin, with western blotting 31 ; serotonin levels with high-performance liquid Group A: Sudden and unexplained infant death, not asphyxia-related. Comment: Some element of asphyxia, such as a face down on a firm mattress, is allowed as long as it is not considered potentially life-threatening. Group B: Sudden and unexplained infant death, possibly asphyxia-related. Comment: Included are almost all cases of sharing any sleeping surface (except where there is clear evidence that the adult did not impinge upon the infant). Deaths occurring on certain inherently unsafe sleeping surfaces, such as sofas, beanbag chairs, waterbeds, etc., were included unless it is clear that the sleeping environment was safe (Group A), or unequivocally lethal (see Group F). Group C: Sudden and unexpected infant death, possible life-threatening stressor that is not asphyxia-related, eg, hyperthermia. Comment: Included are potentially lethal extremes of temperature, high but not necessarily lethal levels of drugs, and natural diseases that could represent a possible contributory cause of death, but aren't necessarily of lethal extent. Group D: Sudden and unexpected death, equivocal. Comment: This classification is used for cases where the cause of death was unclear, but for whatever reason the other classifications weren't appropriate. Group E: Sudden and unexpected death: unclassified, no autopsy or death scene investigation. Group F: Known cause of death (of either natural or unnatural manner). chromatography 31 ; and 14-3-3 isoform and GABA Aa3 levels with western blotting, 34, 35 as per methods described in the relevant publications. 30 
Statistical Analysis
The sample size for Groups A to F varied for each neurochemical measure (Table 2) . Table 3 demonstrates how the Group A to F classification scheme relates to the SIDS scheme used in previous publications. As a first step toward modeling potential differences between Groups A to F, agegroup interactions were tested between Group A and Group B to determine whether age had the same effect on both groups. No significant interactions were found. Therefore, all additional age-group interactions were modeled by using Groups A and B (unexplained deaths) versus Group F (known or explained cause of death) (ie, age has a common effect for Groups A and B but possibly a different effect for Group F). There was insufficient sample size to test for interactions with Groups C and D, although they were visually similar to Groups A and B.
We tested the hypothesis that the mean valuesofGroupB(unexplaineddeathwith potential asphyxia) were intermediate between the low mean values of Group A (sudden death without potential asphyxia) and the high mean values of Group F (sudden death due to known causes of death, ie, controls) (Group A , Group B , Group F). Analysis of covariance was used to test for differences between groups, controlling for the potential effect of postconceptional age; the interaction between age and Groups A or B and F was included when statistically significant. We also used regression models to test association of the number of exogenous stressors with serotonin 1A binding in the medullary nuclei. P , .05 was considered significant.
RESULTS
Database
The study comprised a total of 71 infant deaths, with almost half of the cases in Group B (49%, 35/71) and with 20% (15/ 75) in Group A, 13% (9/71) in Group F, and 8% (6/71) in each of Groups C and D (Table 2 ). There was no significant difference in postconceptional age between Groups A, B, and F (Table 4) . Because of the small sample sizes of Groups C and D, they were not included in the analysis, although their neurochemical values were visually similar to those of Groups A and B. The known causes of death in Group F were acute accidents, n = 3; congenital heart disease (1 case clinically unsuspected), n = 3; pneumonia, n = 2; and progressive malnutrition and sudden death after neonatal repair of gastroschisis.
Infants in Group B were more likely than those in Group A to be discovered prone (74% vs 25%, P = .047) and, by definition, face down or face covered (59% vs 0%) (P = .001) ( Table 4 ). The infants in Group A were more likely to have been born preterm and to have experienced a minor illness within 48 hours before The known causes of death in Group F were acute accidents; n = 3; congenital heart disease (1 case clinically unsuspected), n = 3; pneumonia, n = 2; and progressive malnutrition and sudden death after neonatal repair of gastroschisis. ARTICLE death than Group B, but the differences were not statistically significant (Table 4). The infants in Group B were more likely to have been bed-sharing the night of death and to be discovered on an adult bed, but again the differences were not significant (Table 4) . However, there was a significant difference in the number of exogenous risk factors between the 2 groups, with an average of 1.27 6 0.80 in Group A and 2.14 6 0.88 in Group B (P = .002).
Neurochemical Analysis With the Group A to F Classification Scheme
We found no significant differences in the serotonin-, GABA A receptor-, and 14-3-3-related values between Group A (n = 15) and Group B (n = 35) in any medullary nucleus (Fig 2; Table 5 ), although both groups were statistically different from Group F (n = 9). Thus, the mean values in the different neurochemical parameters in Group B were not intermediate between those in Group A and Group F, as hypothesized. Nevertheless, there were significant differences between Group A and Group B (combined and individually) from Group F (Fig 2; Table 6 ).
Risk Factors and Serotonin 1A Receptor Binding in SIDS Cases From the 2006 and 2010 Data Sets Combined
There was a significant increase in binding in 3 of 10 medullary nuclei measured with an increase in the number of extrinsic risk factors (Fig 3 ; Table 7 ). Two of these 3 nuclei contain serotonin source neurons in the medullary serotonin network (ie, ROB and PGCL). A fourth nucleus with serotonin source neurons (ie, GC) demonstrated a marginally significant positive correlation (P = .061) ( Table 7 ). The models for the effect of SIDS risk factors across all nuclei and across the nuclei that consist of serotonin source nuclei showed significantly lower serotonin 1A
FIGURE 2
A, Serotonin 1A binding (fmol/mg) in NTS is different between Groups A and B (n = 14, n = 34) and Group F (n = 7) (P , .001) but not between Groups A and B. B, 14-3-3g level (percentage standard) in GC is different between Groups A and B (n = 10, n = 19) and Group F (n = 7) (P = .001) but not between Groups A and B. receptor binding levels (P # .01) in infants sleeping supine, in car seats, in cribs, and not bed-sharing (ie, less risky sleep environments). There was no association between age and number of extrinsic risks (P = .35).
DISCUSSION
Our major finding is that infants who die suddenly, unexpectedly, and without explanation (whether sleep environment risk factors for SIDS, with the potential for asphyxial stress, are present) demonstrate neurochemical abnormalities in the medullary serotonin network compared with infants dying of known causes. These abnormalities affect multiple nuclei in the medullary homeostatic serotonin network involved in protective respiratoryandautonomicresponses. 39, 40 In animal models, both GABA and serotonin separately and through interactions with each other act on a shared set of neurons in the medullary homeostatic serotonin network to influence chemosensitivity, respiration, and autonomic function. 34 The 14-3-3 protein family is related to serotonin regulation via its downstream effect on serotonin biosynthesis by increasing the catalytic activity of phosphorylated TPH2 35 ; 14-3-3 isoforms also inhibit regulators of G protein-coupled receptor signaling, thereby fine-tuning serotonin 1A receptor signaling. 35 A potential limitation of the study is the small sample size of Group F. Nevertheless, we have demonstrated a difference in serotonin receptor binding in medullary nuclei in 4 independent data sets in the last 2 decades, and the statistical differences have been robust and reproducible, [30] [31] [32] [33] We used regression models to test association of the number of exogenous stressors with serotonin 1A binding in the medullary nuclei. There is a significant positive association between serotonin 1A binding (in fmol/mg tissue) and number of extrinsic risk factors in the ROB, PGCL, and dorsal accessory olive (DAO), such that the higher the serotonin 1A binding in these sites, the greater the number of risk factors are present. These data suggest that the higher the serotonin 1A binding, the less compromised the brainstem homeostatic system is, and the more exogenous triggers are needed to precipitate death. MAO, medial accessory olive.
